1. Introduction {#s0010}
===============

As we all know, drug delivery systems (DDS) are composed of active pharmaceutical ingredient (API) and excipient. In most cases, a pharmaceutical formulation is designed by more than one excipient, among which polymer and surfactant are frequently used. Polymers can be classified as natural and synthetic polymer and surfactants mainly include anionic surfactant, cationic and nonionic surfactant in terms of their electrification. And polymer/surfactant mixtures can also be used in the field such as food industry, personal care products, paints, pesticides, etc \[[@bib0010]\].

The interaction between surfactant and polymer can be mainly classified as the following aspects. First, the surfactant blended with the polymer could cause a change of its critical micelle concentration (CMC), which is deemed as the critical aggregation concentration (CAC) in polymer/surfactant system. The lower CAC values will result in the greater solubilizing capacity of surfactant \[[@bib0015], [@bib0020]\]. Second, the rheology behavior of the polymer will be changed when the surfactants coexist, which can be characterized by the viscosity and sol--gel transition \[[@bib0025], [@bib0030]\]. Third, there are synergetic effects between polymer and surfactant on promoting adsorption on the surface of solid \[[@bib0035], [@bib0040], [@bib0045]\]. In addition, the polymer/surfactant interaction has a vital role in the wettability of hydrophobicity materials \[[@bib0050]\], and so on.

The interaction between polymer and surfactant is beneficial to many applications in pharmaceutics, such as the dissolution promotion of tablets \[[@bib0055]\], the diffusional behavior adjustment of the drug in gels \[[@bib0060]\], crystal form \[[@bib0065], [@bib0070]\], as well as the recovery and release enhancement of API in nanoparticles forms \[[@bib0075]\]. As for suspensions, there are many articles about taking advantage of polymer/surfactant complex to improve the physical stability and drug release behavior \[[@bib0050], [@bib0080], [@bib0085], [@bib0090]\], which have placed emphasis on the formulation optimization or the change of the preparation\'s nature. Besides, when pharmaceutic adjuvants were incorporated into the formulation, the influence of additive agent on the property of API was also studied \[[@bib0095], [@bib0100], [@bib0105]\]. However, the association between the properties of formulations and the interaction of adjuvants has not been investigated yet.

This research focused on the association among the suspension stability and the interaction of polymer/surfactant. In this work, flurbiprofen (FBP) was used as a model drug and nonionic polymer hydroxypropylmethyl cellulose (HPMC, K4M) was selected as suspending agent to prepare suspensions. According to previous studies \[[@bib0110], [@bib0115], [@bib0120]\], anionic surfactant sodium dodecylsulfate (SDS) with a series of concentration from 0.0 mM to 12.0 mM was introduced to improve the physical stability of the FBP suspensions. The participation of SDS contributed to form suspensions with uniform dispersion, and eliminate the floating particles as well as ensure that the dispersion is more persistent. Known from others\' work, to better understand the mechanism responsible for the differences in function caused by SDS, the interaction between 0.2% HPMC and SDS with a series of concentration was studied in detail. Interestingly, the distribution of drug concentration and the re-dispersions time of FBP suspensions were associated with the interaction of HPMC/SDS. And it laid the foundation for controlling the properties of pharmaceutical formulation by adjusting the interaction among excipients.

2. Materials and methods {#s0015}
========================

2.1. Materials {#s0020}
--------------

Flurbiprofen was purchased from Shandong Lukang Pharmaceutical Group Co., Ltd. China. Hydroxypropylmethylcellulose, HPMC, (trade name Methocel, K4M, methoxyl content 22.7%, hydroxypropyl content 8.9%), pharmaceutical grade, was obtained from Colorcon Ltd., England. Sodium dodecylsulfate (SDS, with 91.0%) was purchased from Tianjin Bodi Chemical Limited by Share Ltd, China. Ethanol (95%) was purchased from Tianjin Fuyu Fine Chemical Co., Ltd. China. Redistilled water was made in our laboratory.

2.2. Preparation of FBP suspensions {#s0025}
-----------------------------------

According to the preliminary trial results, the optimal concentration of HPMC was fixed at 0.2% considering the settling velocity and dispersity. According to the anti-solvent precipitation method \[[@bib0125]\], accurately weighed amounts of FBP were dissolved in ethanol to form a clear solution. Then under vigorous agitation 100 µl drug solutions was added to 10 ml HPMC or HPMC/SDS dispersions separately. The stirring could not stop until they were mixed thoroughly and followed by transferred equivalent to a 10 ml graduated test tube.

2.3. Content of FBP in suspensions {#s0030}
----------------------------------

Because not all the suspensions have obvious interface for calculating sedimentation volume ratio, the drug concentration in different sites was compared for quantifying the dispersion of drug among different suspensions. After the suspensions stood for half hour, an aliquot of 40 µl was withdrawn from the tube at 0.2 cm, 0.5 cm, 1 cm and 1.5 cm (the total height of 10 ml suspensions was about 6.5 cm) under the liquid level. And then the aliquot was dissolved by a certain amount of ethanol adequately. After that the absorbance of FBP was tested by UV spectrophotometer (UV-1750) at 247 nm and the content was calculated.

2.4. The characteristic of FBP suspensions {#s0035}
------------------------------------------

### 2.4.1. The morphology of the suspended particles {#s0040}

To obtain the dispersion state of the suspended particles in suspensions, the particle morphology was observed by polarizing microscope (LW100P) at 100 × magnification and captured by camera (THDCE-20S).

### 2.4.2. Re-dispersion time {#s0045}

Re-dispersion time is defined as the seconds required to make the precipitate from the bottom of the container to go back to dispersions and get a uniform suspension again. When the test of drug concentration was completed, the suspensions were transferred into labeled vials with lid and stood in an upright position for 24 h. Then the times required for redispersion of FBP suspensions were measured by inverting the bottles to 180° at a uniform speed \[[@bib0130]\].

### 2.4.3. Zeta potential and the particle size {#s0050}

Several FBP suspensions were chosen to represent the change regulation of zeta potential and particle size. Malvern Zetasizer nano ZS90 (Malvern Instruments, UK) and NICOMPTM 380 ZLS were used to obtain the zeta potential in the suspensions and the particle size of suspended particles respectively.

2.5. The interaction between HPMC and SDS {#s0055}
-----------------------------------------

### 2.5.1. Conductivity {#s0060}

The interaction between polymer and surfactant can be divided into four different regions by the concentration of surfactant. The first demarcation point is the minimum surfactant concentration when polymer began to interact with surfactant, namely the critical association concentration (CAC), the second is the critical micelle concentration (CMC) of the surfactant, and the last corresponds to the surfactant concentration of which the polymer chains become saturated by surfactant molecules regarded as the polymer saturation point (PSP). The three valuable breaking points for HPMC/SDS complex should be found firstly by electrical conductivity \[[@bib0135], [@bib0140]\]. Conductivity measurements were carried out at 25°C in a jacketed vial by adding the proper volume of solutions. The conductance of the solution was measured and recorded after the electrical resistance reached a stable value, and each sample was measured for three times.

### 2.5.2. Viscosity {#s0065}

Viscosity measurements of the solutions above were performed on an Ubbelhode capillary viscometer, which was immersed in a grant thermostat. All samples were allowed to equilibrate for 15 min before the measurements. Three viscosity measurements were taken at least and average values were calculated. The results were expressed as Specific viscosity in the following equation:$$\eta_{\text{sp}} = \frac{\left( {\eta - \eta_{0}} \right)}{\eta_{0}} \approx \frac{\left( {t - t_{0}} \right)}{t_{0}}$$

Where η and η~0~ are the solution and pure solvent viscosities, respectively, t and t~0~ are the flow times in the viscometer of the solution and pure solvent respectively.

### 2.5.3. Solubilization {#s0070}

Solubilization experiment was carried out under the conditions of imitating the operation of suspension preparation named the short time solubilization. Briefly excessive drug powder was added to the dispersions during agitation and kept on 10 min, then followed by extracting the supernatant after standing for 30 min. Then, the non-solubilized fraction was removed by filtrating with 0.45 µm nylon membrane. A certain amount of subsequent filtrate was removed exactly and diluted by ethanol. After that the absorbance of FBP was tested by UV spectrophotometer as mentioned above and the solubility of FBP was calculated. Meanwhile excess drug powder was added in the corresponding dispersions, which were located in the isothermal oscillation at 25°C for three days and finally processed in the same way.

### 2.5.4. Wettability {#s0075}

Wettability can be evaluated by determining the contact angle. The higher value of contact angle means the less degree of wetting. The equilibrium contact angles were determined by using the method reported previously \[[@bib0145]\]. The tangent method was chosen to compute the contact angles between the baseline of the drop and the tangent at the drop boundary \[[@bib0150]\].

3. Results and discussion {#s0080}
=========================

3.1. The appearance of the suspensions {#s0085}
--------------------------------------

Floater was found on the surface of FBP suspension dispersed by 0.2% (w/v) HPMC alone. What is more, its distribution was not uniform with a majority of precipitation centered on the lower half of the tube and cake precipitation took place in the bottom. Amazingly, the floater disappeared gradually, floc appeared and the suspensions became more and more uniform along with the addition of SDS, which indicated that the presence of SDS was conducive to the uniformity of FBP suspensions.

3.2. The content of FBP in suspensions {#s0090}
--------------------------------------

Because the liquid samples were not filtered, the concentration should be considered as an apparent concentration that was a total effect of dissolved FBP and suspended particles together. It illustrated that the apparent concentration can represent the distribution of drug and the dispersion degree of suspensions more exactly. The content was expressed by calculating the percent of extracted weight of FBP in the total addition amount. And the drug content as a function of SDS concentration was shown in [Fig. 1](#f0015){ref-type="fig"}. Obviously, the drug content was higher when SDS presented, which indicated that the participation of SDS was good for the uniform dispersion of FBP suspensions. These results also suggested that the concentration of SDS at 6.0 mM that is just around the PSP as shown in [Fig. 6](#f0040){ref-type="fig"} was a turning point. When the concentration of SDS was below PSP, the contents in the same suspension from different sites were very similar meaning that these suspensions were well-distributed. The drug content in the upper half of the suspensions was very small after PSP indicating that the terrible homogeneity of the suspension. In addition, the difference of drug content from the bottom to top sites was more obvious after PSP, which might be due to the increase of settling velocity as a result of enough flocculation in these systems \[[@bib0155]\].Fig. 1The content of flurbiprofen from different sites in various suspensions (means ±SD, n = 3).Fig. 1

3.3. The characteristic of FBP suspensions {#s0095}
------------------------------------------

### 3.3.1. The particle morphology {#s0100}

The morphology of particles in the suspensions was presented in [Fig. 2](#f0020){ref-type="fig"}. It was obvious that when the suspension was suspended by HPMC alone, agglomerate could be observed. With the addition of SDS, the agglomerate scattered and floccules appeared slowly. It needed to be noted that deflocculation would appear when the concentration of SDS reached 10.0 mM.Fig. 2The morphology of suspended particles in suspensions dispersed by 0.2% HPMC: (a) with 0.0 mM SDS (b) with 2.0 mM SDS (c) with 3.0 mM SDS (d) with 5.0 mM SDS (e) with 6.0 mM SDS (f) with 8.0 mM SDS (g) with 10.0 mM SDS (h) with 12.0 mM SDS.Fig. 2

### 3.3.2. The re-dispersion time {#s0105}

The re-dispersion time of all the suspensions was shown in [Fig. 3](#f0025){ref-type="fig"}. The longest time needed for redispersion was the suspension containing 3.0 mM SDS, which just happened at CAC as showed in [Fig. 6](#f0040){ref-type="fig"}. The redispersion time of FBP suspensions with SDS was longer than that without SDS except for the suspensions with the concentration of higher than 8.0 mM of SDS. This might be because a complete adsorbed film around the suspending solid formed with enough SDS. And when the SDS was insufficient to form complete adsorbed monolayer, it would bridge the particles resulting in a longer re-dispersion time \[[@bib0155]\]. It should be noted that, when the concentration of SDS was greater than 5.0 mM the time decreased little by little, which should be ascribed to the formation of flocculation \[[@bib0160], [@bib0165], [@bib0170]\].Fig. 3The re-dispersion times of the suspensions (means ± SD, n = 3).Fig. 3

### 3.3.3. The zeta potential and particle size {#s0110}

The results of zeta potential were shown in [Fig. 4](#f0030){ref-type="fig"}.The zeta potential of suspension suspended by HPMC alone was near zero, which resulted from the adsorption of neutral polymer on the surface of electronegative parties \[[@bib0175]\], and it was not sufficient to induce electrostatic stabilization \[[@bib0180]\]. Magically, with SDS added into the system the absolute value of the zeta potential increased deeply, which likely contributed to the stability through electrostatic repulsion \[[@bib0050]\]. And when the concentrations of SDS above 8.0 mM, the zeta potential suggested that the suspensions were considered as a physical stable system \[[@bib0180], [@bib0185]\].Fig. 4The zeta potential of FBP suspensions (means ± SD, n = 3).Fig. 4

The intensity weighted mean diameter of the dispersed particle was shown in [Fig. 5](#f0035){ref-type="fig"}. The particle size first increased and then decreased with the addition of SDS implying there was a process from flocculation to deflocculation in the suspensions with the addition of SDS. Similar results was found by the photomicrograph ([Fig. 2](#f0020){ref-type="fig"}) as well. It was obvious that, the polydispersity index (PDI) became smaller when SDS existed, meaning that the suspensions were more uniform \[[@bib0190], [@bib0195]\].Fig. 5The particle size and polydispersity index (PDI) of suspended particles in FBP suspensions (means ± SD, n = 3).Fig. 5

3.4. The interaction between HPMC and SDS {#s0115}
-----------------------------------------

### 3.4.1. Conductivity {#s0120}

The conductivity of a series of SDS solutions with or without 0.2% HPMC was shown in [Fig. 6](#f0040){ref-type="fig"}. In the pure surfactant solutions, the electrical conductance shows two different linear regimes as a function of surfactant concentration, corresponding to the concentration below and above the critical micelle concentration (CMC). From these data, the CMC has been calculated yielding 4.8 mM by the intersection of the data regression lines method \[[@bib0200]\], which was incomplete agreement with the values reported in literature \[[@bib0205]\]. This might be ascribed to the existence of more impurity. In the presence of HPMC another two transition points were observed like other ionic surfactant-nonionic polymer systems \[[@bib0210], [@bib0215]\]. They were CAC and PSP, in this article their values were 2.9 mM and 6.2 mM respectively. In the ionic surfactant-nonionic polymer solutions before the concentration of surfactant reached the CAC, there have scarcely any interactions between the polymer and surfactant. It was obvious that the CAC is lower than the CMC, which because of the formation of surfactant-polymer complex is easier than the formation of micelles \[[@bib0220], [@bib0225]\]. It is worth noting that there was an obvious decrease in the slope after reaching CAC owing to the reduction of free ions of the surfactant in solutions, either by adsorption on or by forming cluster with the polymer \[[@bib0230]\]. When the concentration of SDS exceeded the PSP, the slope with or without HPMC were very similar, suggesting that micellization took place \[[@bib0235]\].Fig. 6The conductivity of SDS solutions with and without 0.2% HPMC (means ± SD, n = 3).Fig. 6

### 3.4.2. Viscosity measurement {#s0125}

As shown in [Fig. 7](#f0045){ref-type="fig"}, the specific viscosity increased at lower SDS concentrations and then decreased gradually at higher SDS concentrations, which clearly demonstrated that SDS had a significant role on the viscosity of HPMC/SDS solution. At the concentration of SDS around CAC the specific viscosity increased more obviously and reached maximum at the SDS concentration of 5.0 mM, which was very similar to the concentration of CMC \[[@bib0240]\]. After that the specific viscosity reduced gradually. On the one hand, with relatively few SDS in the system, one bonded micelle was shared by more than one polymer molecule to form a three dimensional network resulting in the increase of viscosity. The viscosity decreased at higher surfactant concentrations as a consequence of the solubilization of hydrophobic sites of neighboring polymer chains and the gradually loss of polymer-networking \[[@bib0230], [@bib0245]\]. On the other hand, the micelles bound to the polymer chain at the beginning caused the HPMC molecular size increased due to the electrostatic repulsion. The specific viscosity reached its maximum value when HPMC molecule expanded as large as possible. Then the appearance of electrostatic screening would happen by adding more surfactants, which resulted in the weakness of expansion and the reduction of viscosity \[[@bib0240], [@bib0250]\].Fig. 7The viscosity of 0.2% HPMC solution with and without a series concentration of SDS (means ± SD, n = 3).Fig. 7

It is noteworthy that, the change of viscosity in HPMC/SDS dispersions and the drug content variation in suspensions were very similar before the concentration of SDS was below CMC. According to Stokes equation, there was an inverse proportion between the rate of sedimentation and the viscosity of the medium \[[@bib0255]\]. Hence it was concluded that when the concentration of SDS was below CMC, the viscosity of the medium contributed to the dispersion of suspensions more uniformly and durably. However after that point the content did not decline with the viscosity as expected, which was probably affected by other factors. After many trials the longest time needed for redispersion was the suspension prepared by HPMC combined with 3.0 mM SDS while the peak of viscosity appeared in the mixture of HPMC with 5.0 mM SDS. It indicated that the variation of re-dispersion time of suspensions was not in accordance with the changing of viscosity absolutely, which mainly depended on the state of precipitate when the concentration of suspending agent was constant \[[@bib0160]\].

### 3.4.3. The solubilization study {#s0130}

[Fig. 8a](#f0050){ref-type="fig"} and [Fig. 8b](#f0050){ref-type="fig"} showed the 3-days solubilization and the short time solubilization of FBP in SDS and HPMC/SDS solutions respectively. In pure SDS solutions, solubilization began once the CMC was exceeded. In contrast, as for HPMC/SDS mixture, solubilization began appearing at concentration about CAC well below the CMC and that was in good agreement with previously published study \[[@bib0260]\]. It was interesting to find that the variation tendency of the drug content in suspensions was very similar to that of the short time solubilization in HPMC/SDS system except the samples containing SDS from 10.0 mM to 12.0 mM. And it was predicted that the same consequence would be observed between the drug content for 3 days and the 3-day solubilization. It suggested that the solubility of FBP played an essential role in the drug content in suspensions. Although there was a peak value of viscosity in HPMC/SDS system containing 5.0 mM SDS, the drug content still declined because of the smaller solubility than the former dispersion. Both the viscosity and solubility reduced around PSP when the micelles were occupied by hydrophobic sites of HPMC molecules, resulting in the appearance of a valley of drug content. The viscosity played a dominant role compared to the solubilization in the drug content when the concentration of SDS above 10.0 mM, which caused the content in suspensions did not increase with the addition of more SDS.Fig. 8a. The solubilization of a series concentration of SDS solutions with and without 0.2% HPMC for 3 days (means ± SD, n = 3). b. The short time solubilization of a series concentration of SDS solutions with and without 0.2% HPMC (means ± SD, n = 3).Fig. 8

Although the dissolution of FBP was improved, there was no significant distinction between the solubility of FBP in SDS solutions and that in HPMC/SDS solutions before CAC, which attributed to the absence of synergistic effect between HPMC and SDS in solubilization. It further highlighted the fact that HPMC and SDS have no interaction before CAC and some scholars even defined CAC as the concentration when solubilization started \[[@bib0265]\]. And surprisingly, after PSP similar slopes of solubility curves in [Fig. 8a](#f0050){ref-type="fig"} (34.28 and 33.40) were found, which confirmed that the HPMC molecules were saturated with SDS and micellization occurred.

### 3.4.4. Wettability {#s0135}

In view of the fact that in the absence of enough SDS, there was floater in the suspensions. It is necessary to discuss the influence of SDS and HPMC/SDS solutions on the wettability of FBP, which can be reflected on the value of contact angle. And the consequence was showed in [Fig. 9](#f0055){ref-type="fig"}. In pure SDS solutions the contact angle of compact declined with the increase of SDS. In the binary solutions, when the concentration of SDS below CMC, the contact angles were obviously smaller than the former, which suggested that there existed synergistic effect between HPMC and SDS. The conclusions were in agreement with the previous studies \[[@bib0050], [@bib0270]\]. While the concentration of SDS between CMC and PSP the contact angle almost unchanged in the mixture system. And the result displayed that the solution of 0.2% HPMC can reduce the contact angle as well, which confirmed the fact that HPMC is an amphipathic polymer with surface activity \[[@bib0230], [@bib0235]\].Fig. 9The contact angle of a series concentration of SDS solutions with and without 0.2% HPMC on the FBP compacts (means ± SD, n = 3).Fig. 9

4. Conclusion {#s0140}
=============

In this study the physical stability of FBP suspensions has been associated with the interaction of HPMC/SDS. As the concentration of SDS below CAC, the interaction of HPMC/SDS was not significant. When the concentration of SDS was CMC, the specific viscosity was the maximum among the HPMC/SDS systems and flocculation began to take effect in the suspensions. The dispersion of FBP concentration in suspensions mainly depended on the viscosity or the solubilization ability of the dispersions when the concentration of SDS was lower or higher than CMC respectively. When the concentration of SDS was between CAC and PSP, the concentration of drug in suspensions was more uniform. However, after the PSP, the homogeneity of the suspension became worse and worse until the SDS was enough to form a deflocculation state. And interestingly, the re-dispersion time of suspensions were shorter by shorter when the concentration of SDS above CMC, and the longest re-dispersion time of suspensions appeared at the concentration of SDS around CAC. It is concluded that, it is possible to control the properties of pharmaceutical preparations by adjusting the interaction between pharmaceutic adjuvants.
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